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ABSTRACT: Cardiac stem cell therapy has been considered as a
promising strategy for heart tissue regeneration. Yet achieving cardiac
differentiation after stem cell transplantation remains challenging. This
compromises the efficacy of current stem cell therapy. Delivery of cells
using matrices that stimulate the cardiac differentiation may improve the
degree of cardiac differentiation in the heart tissue. In this report, we
investigated whether elastic modulus of highly flexible poly(N-isopropy-
lamide) (PNIPAAm)-based hydrogels can be modulated to stimulate the
encapsulated cardiosphere derived cells (CDCs) to differentiate into
cardiac lineage under static condition and dynamic stretching that mimics
the heart beating condition. We have developed hydrogels whose moduli
do not change under both dynamic stretching and static conditions for 14
days. The hydrogels had the same chemical structure but different elastic
moduli (11, 21, and 40 kPa). CDCs were encapsulated into these
hydrogels and cultured under either native heart-mimicking dynamic stretching environment (12% strain and 1 Hz frequency) or
static culture condition. CDCs were able to grow in all three hydrogels. The greatest growth was found in the hydrogel with
elastic modulus of 40 kPa. The dynamic stretching condition stimulated CDC growth. The CDCs demonstrated elastic modulus-
dependent cardiac differentiation under both static and dynamic stretching conditions as evidenced by gene and protein
expressions of cardiac markers such as MYH6, CACNA1c, cTnI, and Connexin 43. The highest differentiation was found in the
40 kPa hydrogel. These results suggest that delivery of CDCs with the 40 kPa hydrogel may enhance cardiac differentiation in the
infarct hearts.

KEYWORDS: myocardial infarction, poly(N-isopropylamide) hydrogel, dynamic stretching, cardiosphere derived cells,
cardiac differentiation

1. INTRODUCTION

Myocardial infarction (MI) is one of the major cardiovascular
diseases that affect more than 8 million people in the United
States alone.1 Following MI, the extensive cell death, cardiac
extracellular matrix degradation, wall thinning, and cardiac
fibrosis lead to the decrease of cardiac function. As the MI
progresses from early to late stages, cardiac function further
decreases causing heart failure. Unlike many other tissues, the
damaged cardiac tissue cannot effectively regenerate by itself
because cardiac stem cells in the heart spontaneously generate
only a limited number of cardiomyocytes, and adult
cardiomyocytes cannot proliferate.2 Stem/progenitor cell
therapy has been considered as a promising strategy to
regenerate the lost cardiac tissue to restore cardiac function.
Various cell types have been explored in clinical and

preclinical models for cardiac therapy. Some stem cell types
do not differentiate into cardiomyocytes to directly regenerate
cardiac tissue, but can indirectly promote the regeneration.

These cell types typically provide paracrine effects to augment
the survival of resident cardiac cells, recruit endogenous stem
cells, and vascularize the damaged heart tissue.3−5 Examples of
these stem cells include bone marrow-derived stem cells6,7 and
adipose-derived stem cells.8−11 Some stem cell types are
capable of differentiating into cardiomyocytes to regenerate the
cardiac tissue, leading to the restoration of heart function.
These cells include cardiac stem/progenitor cells,12−16

pluripotent stem cell [embryonic stem cells (ESCs) and
induced pluripotent stem cells (iPSCs)]-derived cardiovascular
progenitor cells,17−20 and cardiosphere-derived cells
(CDCs).21−24 CDCs are harvested from the atria or ventricles
of the heart and have fast ex vivo proliferation rate. They are
able to differentiate into cardiomyocytes, smooth muscle cells
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and endothelial cells in vitro and in vivo.24 Compared to ethical
issue associated with ESCs and possible teratoma formation risk
of ESCs and iPSCs, CDCs stand out in stem/progenitor cell
based therapy.24

To deliver CDCs into infarcted heart tissue, a common
approach is to inject cell suspension directly to the damaged
area.21−24 Yet the cell engraftment and cardiac differentiation
have been found to be low, limiting the efficacy of the therapy.
To increase cell engraftment and enhance cardiac differ-
entiation, an appropriate cell carrier may be used. Injectable
hydrogels are excellent candidates. These hydrogels can be
readily injected into the tissue with minimal damage to the
tissue. The hydrogels may be modified to improve cell
adhesion, survival and cardiac differentiation. Different hydro-
gels have been injected into infarcted hearts, including fibrin,25

alginate,26 collagen,27 Matrigel,28 hyaluronic acid,29 chitosan,30

decellularized extracellular matrix,31 degradable poly(N-iso-
propylacrylamide) (PNIPAAm)-based hydrogels,32 poly-
(ethylene oxide)-b-poly(propylene oxide)-b-poly(ethylene
oxide) (PEO-PPO-PEO),33 poly(D-lysine) (PDL),34 and
MPEG-PCL-MPEG.35 Among these hydrogels, PNIPAAm-
based hydrogels have the advantage of fast gelation, which can
increase cell retention in the heart tissue;36−42 and convenient
loading of cell/drugs below their sol−gel transition temperature
(<32 °C). We have shown that these hydrogels support the
survival and growth of bone marrow derived cells and
CDCs.36−42

In this report, we developed a family of highly flexible
poly(N-isopropylamide) (PNIPAAm)-based hydrogels, and
investigated whether elastic modulus of can be modulated to
stimulate the encapsulated CDCs to differentiate into cardiac
lineage. Matrix modulus-driven cardiac differentiation is
attractive as it is more convenient than commonly used
coculture (with cardiomyocytes) approach21 and growth factor
induction approach.43 It is expected that injection of CDCs
with a hydrogel capable of differentiating them into cardiac
lineage in vivo will enhance cardiac differentiation thus
promoting cardiac regeneration. When delivered to the heart
tissue, CDCs will experience not only matrix modulus but also
cyclic stretching during heart beating. The dynamic mechanical
signal has been found to affect stem cell differentiation into
bone,44 cartilage,45 tendon,46 skeleton muscle47 and cardiac48

cells. It is possible that the cyclic stretching affects matrix
modulus-driven CDC differentiation. Understanding this
relation will allow us to determine whether the in vitro
optimized elastic modulus for CDC cardiac differentiation will
likely effectively differentiate into cardiac lineage after trans-
plantation into infarcted hearts. In this work, we developed
hydrogels whose moduli do not change under both dynamic
mechanical training and static conditions for 14 days. CDCs
were encapsulated into these hydrogels and cultured under
either native heart-mimicking dynamic stretching environment
or static condition. The effect of dynamic mechanical training
on cardiac differentiation was investigated.

2. MATERIALS AND METHODS
2.1. Materials. All chemicals were purchased from Sigma-Aldrich

unless otherwise stated. 2-hydroxyethyl methacrylate (HEMA) and
acrylic acid (AAc) were passed through a column packed with
inhibitor remover before use. N-isopropylacrylamide (NIPAAm) was
purified by recrystallization in hexane for 3 times. β-Butyrolactone
(Alfa Aesar) was used as received. BioFlex 6-well plates were
purchased from Flexcell International Corporation. Iscove modified

Dubecco’s media (IMDM) was purchased from Invitrogen. Fetal
bovine serum (FBS) was obtained from Atalanta Biologicals.

2.2. Synthesis of Hydrogel Polymers. The hydrogel polymers
were synthesized by copolymerization of NIPAAm, AAc and
macromer HEMA-oligoHB based on HEMA and oligohydroxybuty-
rate (Scheme 1). The macromer was synthesized by HEMA-initiated

ring-opening polymerization of β-butyrolactone using stannous (II)
trifluoromethanesulfonate [Sn(OTf)2] as a catalyst.

38−40,42 In brief, a
100 mL flask was charged with β-butyrolactone and HEMA. The flask
was then immersed in a 110 °C oil bath to melt β-butyrolactone under
the protection of nitrogen. The reaction was started following the
addition of Sn(OTf)2 in THF/toluene (ratio 1/4). After 1 h, the
reactant was precipitated in ice water. The precipitant was collected
and redissolved in ethyl ester. The solution was dried with magnesium
sulfate. After evaporation of ethyl ester under reduced pressure, the
product was lyophilized. Structure of the macromer was confirmed by
1H NMR. When the feed ratio of HEMA and β-butyrolactone was
controlled at 1:2, 1:4, and 1:6, the resulting macromers had HEMA to
2-hydroxybutyrate ratios of 1:2.1, 1:4.9, and 1:5.4, respectively.

The hydrogel polymers were synthesized by free radical polymer-
ization. Benzoyl peroxide (BPO) was used as an initiator (Scheme
1).32,36−42 In brief, NIPAAm, AAc, macromer, and BPO were
dissolved in dioxane and charged into a 250 mL 3-necked flask. The
polymerization was conducted at 60 °C under the protection of
nitrogen. After 16 h of reaction, the solution was precipitated in
hexane. The polymer was first purified twice by dissolving in THF and
precipitating in ethyl ether, and then vacuum-dried overnight. The
polymers are abbreviated as PNAH(n), where n represents number of
repeating units based on feed ratio.

Scheme 1. Synthesis Route and Degradation Product of
Hydrogel PNAH
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2.3. Characterization of Hydrogel Polymers. Chemical
composition of the synthesized polymers was determined by 1H
NMR. Hydrogel solutions were obtained by dissolving the hydrogel
polymers in Dulbecco’s modified phosphate buffer saline (DPBS) in
an ice bath. The final concentration was 20 wt %. Lower critical
solution temperatures (LCSTs) of the solutions were determined by
DSC over a temperature range of 0−60 °C with a 10 °C/min heating
rate. The solid hydrogels were formed after incubating the solutions in
a 37 °C water bath.
Mechanical properties of the hydrogels were determined by a

uniaxial mechanical test using an Instron tensile tester equipped with a
37 °C water bath.38−42 A 10 lb load cell and a displacement rate of 50
mm/min were used. Before testing, the hydrogels were incubated in 37
°C PBS for 1 day in order to reach an equilibrium state. To monitor
hydrogel mechanical properties after degradation, we tested the
hydrogels incubated in 37 °C PBS for 14 days. The elastic moduli of
the hydrogels were calculated from the elastic deformation region of
the stress−strain curves.
2.4. CDC Culture. Murine CDCs were isolated from atrial biopsy

following the established protocol.49 Cells were cultured in a 175 cm2

tissue culture flask using IMDM supplemented with 10% FBS, 2% L-
glutamine and 1% antibiotics. Cells were passaged when reaching 90%
confluence. CDCs between passages 11 and 13 were used to
encapsulate in the hydrogels.
2.5. CDC Encapsulation into Hydrogels and Dynamic

Mechanical Training. To encapsulate CDCs into hydrogels, cells
were typsinized from the culture flask and resuspended in PBS at a
density of 40 million/mL. 0.2 mL of cell suspension was then mixed
with 1 mL of hydrogel solution. The mixture was added into each well
of the 6-well BioFlex culture plates. The plates were placed in a 37 °C
incubator for gelation. After 45 min, the supernatant was replaced by
culture medium (DPBS supplemented with 10% FBS, 2% L-glutamine
and 1% antibiotics). The plates were then mounted to a Flexcell FX-
5000 Bioreactor with a “heart” mimicking wave function (“Heart-P”
wave, Figure 1). The strain and frequency were 12% and 1 Hz,

respectively. Meanwhile, the cell/hydrogel constructs placed in the
BioFlex culture plates without mechanical training will be the controls.
2.6. CDC proliferation in hydrogels. After 1, 7, and 14 days of

culture, the CDC/hydrogel constructs were taken out from the plates
and digested in papain solution at 60 °C for 24 h to release the double
stranded DNA (dsDNA, for live cells). PicoGreen dsDNA kit
(Invitrogen) was used to measure dsDNA content. For each group,
the dsDNA content at each time point was normalized with that of day
1.
2.7. Differentiation of Encapsulated CDCs in Hydrogels

under Static and Dynamic Mechanical Training Culture
Conditions. CDC cardiac differentiation in the hydrogels under
static and dynamic mechanical training conditions was characterized at

the gene level by real time RT-PCR and at the protein level by
immunohistochemistry. To characterize gene expression, we homo-
genized the CDC/hydrogel constructs in TRIzol (Sigma) following
the manufacture’s protocol to collect RNA. The quality of total RNA
was assessed by Nanodrop (Fisher). Then, 1 μg of RNA was used to
reverse transcript into cDNA by a high capacity reverse transcription
kit (ABI). Primers of forward and reverse pairs of myosin heavy chain
alpha (MYH6), calcium channel, voltage-dependent, L type, alpha 1c
(CACNA1c), and β-actin are listed in Table 1. Real-time RT-PCR was

performed with Maxima SYBR Green/fluorescein master mix on an
Applied Biosystem 7900 system. Fold differences were calculated using
standard ΔΔCt method.38−40,42 Gene expression of CDCs cultured on
2D tissue culture flasks was used for normalization during the
calculation.

To characterize protein expression, we collected cell/hydrogel
constructs after 14 days of culture and fixed in 4% paraformaldehyde
for 1 h. The constructs were then washed by PBS for 3 times,
embedded in optimal cutting temperature (OCT) solution, and
sectioned with 10 μm thickness. The sections were blocked by 10%
goat serum and permeablized by 0.3% Triton X-100 for 1 h. Primary
antibody mouse antimouse cardiac troponin I (cTnI, Abcam), and
rabbit antimouse connexin 43 (Cell Signaling) were used to incubate
sections at 37 °C overnight, followed by incubating with secondary
antibodies (Jackson ImmunoResearch). Finally, Hoechst 33342 was
used to counter-stain cell nucleus. Sections without primary antibody
incubation were used as negative controls. All images were taken by
Olympus FV1000 confocal microscope.

2.8. Statistical Analysis. Data were reported as mean ± standard
deviation. One way ANOVA with posthoc Tukey-Kramer test was
used for data analysis. A statistical significance was considered when p
< 0.05.

3. RESULTS
3.1. Hydrogel Polymer Composition and Thermosen-

sitivity. Hydrogel polymers were synthesized by free radical
polymerization of NIPAAm, AAc, and macromer HEMA-
oligoHB. Structure of the polymers was confirmed by 1H NMR.
A typical 1H NMR spectrum exhibited characteristic peaks of
NIPAAm, AAc and macromer units (Figure 2). The
composition of the polymers was consistent with monomer
feed ratio (Table 2). The hydrogels were thermosensitive. The
three hydrogels PANH(2), PANH(4), and PANH(6) had
LCSTs of 21.1, 18.9, and 16.1 °C, respectively (Figure 3). An
increase in oligomer length from 2 HB units to 6 HB units
decreased the LCST. The hydrogels remained flowable at
temperatures below LCSTs, for example 4 °C (Figure 4a),
whereas became solid gel at 37 °C (Figure 4b).

3.2. Hydrogel Mechanical Properties with or without
Dynamic Training. The hydrogels were stretchable at 37 °C
(Figure 5a, b). Tensile testing results demonstrated that the
breaking strain was greater than 300%, exceeding the strain
limit of the testing instrument. The three hydrogels showed
distinctively different tensile behaviors especially in the elastic

Figure 1. Scheme of dynamic training in Flexcell FX-5000 Bioreactor.

Table 1. Sequences and Tm Values of Primers Used for Real
Time RT-PCR

transcription prime sequences Tm (°C)a

MYH6 forward GAGGAGATGCGAGATGAGAG 61.6
reverse CGGTTTGATCTTGAAGTAGAGC 61.3

CACNA1c forward CAGAAACTACAGGAGAAGAGG 59.5
reverse AAGAAGAGGATCAGGTTGGT 60.5

β-Actin forward AAGATCAAGATCATTGCTCCTC 61.2
reverse GGACTVATCGTACTCCTG 59.5

aTm values were calculated by NIH PerlPrimer.
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deformation region (Figure 6A). The elastic modulus was
dependent on the oligomer length (Table 3). An increase in
number of HB units led to the decrease in elastic modulus.
To investigate whether hydrogel degradation and dynamic

mechanical training have effects on elastic modulus, we
performed tensile tests on hydrogels incubated in PBS under

static and dynamic mechanical training conditions for 14 days,
respectively. Under static condition, each of the three hydrogels
exhibited the similar elastic modulus at day 14 and day 1 (p >
0.05. Figure 6B and Table 3). For the hydrogels that had
mechanical training for 14 days, the elastic modulus of each
hydrogel at day 14 was also similar to that at day 1 (p > 0.05).
In addition, no significant difference was found for hydrogels
with and without mechanical training (p > 0.05). These results
demonstrate that hydrogel degradation and dynamic mechan-
ical training during the 14-day period did not have impact on
tensile properties.

3.3. CDC Proliferation in Hydrogels under Static and
Dynamic Mechanical Training Conditions. CDCs were
encapsulated in the hydrogels and cultured under either static
condition or dynamic mechanical training condition to
investigate the effect of mechanical training on cell prolifer-
ation. Cell number was quantified by dsDNA content (for live

Figure 2. 1H NMR spectrum of synthesized hydrogel PANH(6).

Table 2. Monomer Feed Ratio and Hydrogel Composition

hydrogel feed ratio composition

PANH(2) 86.0/4.0/10.0 86.0/4.0/10.0
PANH(4) 86.0/4.0/10.0 86.0/6.4/7.6
PANH(6) 86.0/4.0/10.0 86.0/6.9/7.1

Figure 3. Lower critical solution temperature (LCST) of the hydrogel
solutions based on three hydrogels. LCSTs were obtained from DSC
curves.

Figure 4. Macroscopic images of hydrogel PANH(6) before and after
gelation: (a) flowable at 4 °C, (b) gelation at 37 °C.

Figure 5. Macroscopic images of hydrogel PANH(6) (a) before and
(b) after stretching at 37 °C.
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cells). Figure 7 demonstrates that cell dsDNA content
increased during the 14-day culture period under both culture
conditions (p < 0.01 for day 14 vs day 7 for all hydrogels).
When comparing the dsDNA contents of the same hydrogels
cultured under the static and dynamic mechanical training
conditions, CDCs exhibited higher degree of proliferation
under the dynamic mechanical training condition.
Besides culture conditions, hydrogel elastic modulus showed

impact on CDC proliferation. CDCs demonstrated different
proliferation pattern in the hydrogels with different elastic
modulus. dsDNA contents in 40 kPa hydrogel were
significantly higher at day 14 compared to those in 21 and 11
kPa hydrogels under both static (p < 0.01) and dynamic
mechanical training (p < 0.05) conditions. These results
indicate that 40 kPa hydrogel is optimal for CDC proliferation.

3.4. Cardiac Differentiation of Encapsulated CDCs
under Static and Dynamic Mechanical Training Con-
ditions. The cardiac differentiation of encapsulated CDCs was
assessed at the gene level by real time RT-PCR and protein
level by immunohistochemistry. Cardiac markers MYH6 and
CACNA1c were used to characterize differentiation at the
mRNA level. The two markers were significantly up-regulated
in hydrogels with 21 and 40 kPa elastic modulus after 14 days
of culture. The markers also demonstrated elastic modulus-
dependent expression under static culture condition (Figure 8).
The highest expressions were observed in the hydrogel with 40
kPa hydrogel (p < 0.05 for 40 kPa vs 21 and 11 kPa).
Dynamic mechanical training condition showed impact on

hydrogel elastic modulus-dependent CDC differentiation. For
MYH6 marker, the dynamic mechanical training significantly
upregulated the expression in 21 and 40 kPa hydrogels (p <
0.05, Figure 8), but not in 11 kPa hydrogel. For CACNA1c
marker, the expression was substantially increased for 40 kPa
hydrogel (p > 0.05), but significantly increased in 21 and 11
kPa hydrogels (p < 0.01). In addition, the expression in D-11
kPa hydrogel was greater than that in D-21 kPa. Overall, these
results demonstrate that the highest cardiac differentiation was
achieved in 40 kPa hydrogel and the dynamic mechanical
training stimulated the cardiac differentiation.
CDC cardiac differentiation was further characterized at the

protein level by immunohistochemistry (Figures 9 and 10).
Cells in the hydrogels were stained with cardiac markers cTnI
and CX43. Under static culture condition, every cell in 21 and
40 kPa hydrogels expressed cTnI and CX43 markers, whereas
only a few cells in the 11 kPa hydrogel expressed these markers.
Dynamic mechanical training did not affect cTnI and CX43
expressions in 21 and 40 kPa hydrogels as every cell expressed
both markers compared to that in static culture condition
(Figures 9 and 10).

4. DISCUSSIONS
Matrix modulus has been shown to stimulate stem cells to
differentiate into cardiac lineages. For example, hydrogel
modulus promoted cardiac differentiation of mesenchymal
stem cells (MSCs),1 and embryonic stem cells50 in vitro. In
these reports, cells were cultured under static condition, which
is different from the dynamic environment in the native heart.
It is unclear whether the dynamic environment affects matrix

Figure 6. Stress−strain curves of hydrogels: (a) 1 day after gelation;
(b) 14 days incubation in PBS under static condition; and (c) 14 days
incubation in PBS under dynamic mechanical training. Only 80% of
strain is shown in order to clearly demonstrate the difference in the
elastic deformation region between three hydrogels.

Table 3. Elastic Modulus of Hydrogels at Days 1 and 14
When Incubated in PBS at 37 °C with or without Dynamic
Mechanical Training

hydrogel day 1 day 14 (static) day 14 (dynamic)

PANH(2) 40.3 ± 9.8 43.8 ± 8.7 42.8 ± 2.2
PANH(4) 21.2 ± 1.2 24.4 ± 1.9 23.5 ± 3.9
PANH(6) 11.3 ± 1.0 16.6 ± 2.6 12.2 ± 2.2

Figure 7. dsDNA content of CDCs in different hydrogels cultured
under static (S) and dynamic mechanical training (D) conditions.
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modulus-driven cardiac differentiation. In this report, we
determined whether hydrogel elastic modulus-driven CDC
cardiac differentiation is likely to effectively occur under cyclic
stretching conditions mimicking that of the beating heart.
4.1. Hydrogel Mechanical Properties Change during

Mechanical Training. Dynamic mechanical training is widely
used in tissue engineering field to provide the similar
mechanical cue as that in the real tissues to the cultured cells.
To investigate the effect of dynamic mechanical training on
matrix elastic modulus-driven stem cell differentiation, it is
essential to ensure that the elastic modulus does not change
during the mechanical training period compared to the static
condition. We assessed the mechanical properties of different
hydrogels with or without dynamic mechanical training after 14
days. In this report, 12% strain was used for mechanical
training. This strain is in the elastic deformation range of all
hydrogels (<20% strain) and therefore they can recover when
unstretched. This strain is also similar to that of the heart tissue
experiences during a beating cycle.51 Figure 6 and Table 2

demonstrate that the dynamic mechanical training did not
significantly change elastic modulus of all three hydrogels.
These hydrogels thus provided an ideal platform to investigate
the effect of dynamic mechanical training on matrix elastic
modulus-driven stem cell differentiation.
For biodegradable hydrogels, modulus may decrease during

the degradation.52 For example, PEG hydrogels with fibrinogen
as a cross-linker showed a dramatic decrease in compressive
modulus after incubating in PBS and culture medium for 7
days. This was a result of fast hydrolytic degradation of
fibrinogen cross-linker.53 In this work, the hydrogels with or
without dynamic mechanical training showed the same elastic
modulus at days 1 and 14, suggesting that hydrogel degradation
did not alter elastic modulus (Figure 6 and Table 2). This is
because the hydrogels based on NIPAAm, AAc, and macromer
HEMA-oligoHB had slow degradation rate.42 It is also possible
that the surface degradation mechanism is dominated during
the hydrogel degradation. Hydrogel elastic modulus is likely to
decrease when the molecular weight reduces during degrada-
tion. The surface degradation will decrease molecular weight of
polymer chains on hydrogel surface without substantially
changing molecular weight of polymer chains in the bulk.
Therefore, the surface degradation mechanism allows the
polymers in the bulk to maintain structural integrity. In the
developed hydrogels, degradation is occurred in the side chain
oligoHB. It may undergo surface degradation same as its high
molecular weight polymer.54 The surface degradation mecha-
nism is also indirectly evidenced by unchanged water content
during the degradation [44.0 ± 5.1% (day 1) vs 44.1 ± 8.4%
(day 14) for PANH(2); 38.6 ± 6.0% (day 1) vs 33.6 ± 5.2%
(day 14) for PANH(4); 39.3 ± 1.2% (day 1) vs 33.3 ± 6.8%
(day 14) for PANH(6)].

4.2. Proliferation of CDCs in Gels with Different
Modulus under Static and Dynamic Cultures. When
CDCs were encapsulated in the hydrogels, they were able to
proliferate during a 14-day culture period. The greatest cell
proliferation was observed for CDCs encapsulated in the 40
kPa hydrogel under both static and dynamic mechanical
training conditions (Figure 7). This is consistent with our
previous report where MSCs showed the greatest proliferation
in hydrogels with similar modulus.40 It also indicates that the
dynamic mechanical training did not affect the relationship
between hydrogel modulus and cell proliferation. The dynamic
mechanical training even stimulated CDC proliferation. The
dsDNA contents in all three hydrogels under dynamic
mechanical training condition were substantially higher than
those in the static condition.
Dynamic stretching has been shown to affect cell

proliferation. The mechanisms include DNA stimulation,55

enhanced focal adhesion56 and inhibition of apoptosis pathway
under mechanical stimulation.57 Besides CDCs, many other cell
types demonstrated enhanced proliferation under dynamic
mechanical training condition. For example, human osteoblasts
cultured under dynamic stretching condition (1000 μm strain
at 1 Hz for 30 min per day) significantly increased cell number
after 2 days.58 MSCs showed significantly higher cell density
under 1% strain and 1 Hz condition than those cultured under
static condition.59 Vascular smooth muscle cells proliferated
significantly under constant mechanical stimulation compared
to the static culture condition.60 The effects of mechanical
stimulation to cell proliferation are also dependent on the
frequency and strain applied. It was reported that osteoblasts

Figure 8. Cardiac gene (MYH6 and CACNA1c) expressions of CDCs
in different hydrogels cultured under static (S) and dynamic
mechanical training (D) conditions.
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showed a decrease in cell proliferation when frequency was
higher than 1 Hz.61

4.3. Cardiac Differentiation of Encapsulated CDCs in
Hydrogels under Static and Dynamic Culture. CDCs
demonstrated hydrogel elastic modulus-dependent differentia-
tion as confirmed at the mRNA and protein levels. Under the
static culture condition, the expressions of MYH6 and
CACNA1c at the mRNA level were increased with the increase
of hydrogel elastic modulus from 11, 21 to 40 kPa (Figure 8).
At the protein level, all of the cells in the 40 kPa hydrogel

expressed cTnI and CX43 (Figures 9 and 10). These results are
consistent with our previous report where CDCs in 40 kPa
PNIPAAm-based hydrogel differentiated into cardiac lineage.38

The matrix modulus-driven CDC cardiac differentiation occurs
not only in compact hydrogel but also in microporous scaffold.
We have demonstrated that CDCs differentiated into
cardiomyocytes in fibrous scaffold based on poly(ester
urethane)urea and PNIPAAm hydrogel, and the most
significant differentiation was in scaffold with elastic modulus
of ∼50−60 kPa.62 Besides CDCs, other cell types also showed

Figure 9. cTnI immunostaining of CDCs in hydrogels cultured under static and dynamic mechanical training conditions. Scale bar 25 μm.

Figure 10. Connexin 43 immunostaining of CDCs in hydrogels cultured under static and dynamic mechanical training conditions. Scale bar 25 μm.
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matrix modulus-driven cardiac differentiation. MSCs had the
highest cardiac differentiation in 65 kPa hydrogel based on
NIPAAm, N-acryloxysuccinimide, AAc, and poly(trimethylene
carbonate)-hydroxyethyl methacrylate.40 Embryonic stem cells
demonstrated the greatest degree of cardiac differentiation in
PEG hydrogel with compressive modulus of 322 Pa.50

CDCs cultured under dynamic mechanical training condition
also showed elastic modulus-dependent cardiac differentiation
(Figures 8-10). Similar to the static culture condition, the
greatest differentiation under dynamic mechanical training
condition was also in 40 kPa hydrogel. Comparing gene
expressions of MYH6 and CACNA1c under static and dynamic
mechanical training conditions, it was found that the dynamic
mechanical training stimulated the cardiac differentiation in 40
kPa hydrogel (Figure 8). For hydrogels with elastic moduli of
11 and 21 kPa, the MYH6 expression under dynamic condition
was higher in 21 kPa hydrogel than in 11 kPa, while the
CACNA1c expression exhibited the opposite trend. The exact
mechanism needs further exploration. However, the overall
gene expression results demonstrate that 40 kPa hydrogel is
preferred for CDC cardiac differentiation and the dynamic
mechanical training stimulated the cardiac differentiation. At
the protein level, every cell in 40 kPa hydrogel expressed cTnI
and CX43 markers under the dynamic mechanical training
condition (Figures 9 and 10).
Biomechanical cues have been shown to regulate cell

proliferation and differentiation. For example, MSCs encapsu-
lated in PEG hydrogels showed a significant upregulation of
chondrogenic markers under dynamic compression condi-
tion.63 Addition of TGFβ1 in the culture medium further
enhanced the expression. In contrast, Jacot et al. encapsulated
MSCs in alginate hydrogels and cultured the constructs under
dynamic compression. The results demonstrated the chrondro-
genesis was significantly decreased.64 The discrepancy in these
studies may result from different strain amplitude and
frequency. In addition, mechanical cue type, such as uniaxial,
biaxial, and equiaxial, has effect on cell proliferation and
differentiation.65

Strain amplitude affects stem cell differentiation under
dynamic stretching. MSCs showed a significant up-regulation
of osteogenic markers when the stretching strain was less than
5%. However, increasing the strain to 10% or higher decreased
the expressions.66 Huang et al. found that the optimal strain for
MSC cardiac differentiation was between 10 and 15%.67 When
the strain was greater than 20%, the cardiac gene expressions
were down-regulated. In this work, 12% strain was used. It is
similar to the strain a normal heart experiences during a beating
cycle (10−15%).51 Our results demonstrated this strain
stimulated CDC cardiac differentiation in 21 and 40 kPa
hydrogels (Figures 8−10).
Strain frequency also plays an important role in cell

differentiation. Shimko et al. reported that murine embryonic
stem cells had a significant increase in cardiac marker
expression under 3 Hz dynamic training than 1 Hz.68 This
may be attributed to 3 Hz being more close to intrinsic heat
beating rate than 1 Hz. The beating rate of a typical mouse
heart is ∼600 beat/min, which is equivalent to 10 Hz. In this
work, we found that 1 Hz frequency stimulated murine CDCs
to differentiate into cardiac lineage as the expressions of cardiac
markers MYH6 and CACNA1c were significantly increased
(Figures 8−10).

5. CONCLUSIONS
A family of thermosensitive hydrogels with tunable elastic
modulus was developed as CDC carriers for cardiac cell
therapy. The effect of hydrogel elastic modulus on CDC
proliferation and cardiac differentiation was investigated under
static and dynamic mechanical training conditions. CDCs
showed the highest proliferation and differentiation in the 40
kPa hydrogel under both conditions. These results suggest that
transplantation of CDCs using 40 kPa hydrogel may lead to
optimal cardiac differentiation and regeneration.
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